The thermal energy flux which a rf plasma delivers to a silicon surface has been studied by a calorimetric method. The energy flux appears to be proportional to the product of the average ion energy and the ion flux, which was calculated from the Bohm criterion using measured plasma parameters. Furthermore, the value and energy dependence of the kinetic energy transfer efficiency (about 0.5) suggests that the microscopic interaction of impinging ions in the eV range with a silicon surface can be described by a binary collision model. Plasma-wall interactions are important to a large variety of plasma chemistry applications such as etching, deposition, and surface modification. In these processes the thermal conditions at the substrate surface play a dominant role. The surface temperature (Ts) influences elementary processes like adsorption, desorption, diffusion, and chemical reactions.le6 The energy transfer from plasma to solid is a very complicated mechanism. In the case of thermal plasmas this transfer can be described by means of classical terms as thermal conductivity and heat transfer coefficient. For nonequilibrium plasmas such an approach is not possible. In those plasmas the energy is shared between translation, rotation, vibration, dissociation, and ionization. The distributions over the several energy modes, i.e., the several temperatures, depend strongly on the discharge conditions.7v8
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In the present letter we perform an experimental investigation on the energy transfer from a rf plasma to a silicon surface. The thermal probe substrate consists of three 4 in. silicon wafers, glued together with Varian Torr Seal epoxy glue. In each of the two epoxy layers three type-j thermocouples are mounted (see Fig. 1 ). This geometry allows us not only to study the wafer heating, but also, by comparing the temperature in the two layers of epoxy, the heat flux through the wafer. The plasma reactor has been described more extensively elsewhere."," It basically consists of a closed-geometry, planar rf discharge with an electrode diameter of 10 cm. It is equipped with microwave and laser diagnostics for the determination of the density of electrons and negative ions, infrared absorption spectroscopy for the determination of the translational, rotational, and vibrational temperatures, and energy-resolved mass spectrometry for the determination of the ion energy distribution at the surface. The used gases were CF, and Ar at flow rates of 20 and 40 seem and at pressures of 50, 100, and 350 mTorr. The 13.56 MHz rf power was 20, 40, 60, or 80 W.
Immediately after plasma ignition (close to t=O), the measured temperatures in the two epoxy layers are observed to be equal. Therefore heat conduction can be neglected in this stage. At t=O the wafer is still at room temperature, so ') radiation and convection can also be neglected. Since there are no effective loss processes at t=O, the total heat influx ks can be obtained from the initial slope of the heating curves T,(t) measured by the thermocouples. Figure 2 shows an example of T,(t). The relation between the measured initial slope (aT,l&),=,, and the energy flux fis is described by energy conservation:
( 1) where C, is the heat capacity of the wafer. Under our conditions, radiation heating and heating by vibrational, rotational, and translational energy transfer can be neglected: separate experiments using infrared absorption spectroscopy have shown that the several associated temperatures (Z'vib,Trot,T,) are nearly the same as the surface temperature Ts .lo*ll Therefore we can restrict ourselves to the analysis of the heating of the Si surface by ion bombardment.
The energy hia supplied by the ions to the substrate consists of a potential and a kinetic contribution5 '8 oin=jA(KpEpf K&k), (2) where j denotes the ion fluence, A the electrode area (79 cm'), E, and E, the potential and kinetic energy of an impinging ion, respectively; K~ and Kk are the corresponding energy transfer coefficients. Under our discharge conditions the ion fluence j is determined by the Bohm criterion" which yields
where n+ is the ion concentration, T, is the electron temperature, and m, is the mass of incident ion. 
where MI, M2 are the atomic masses of the colliding particles, 8 is the angle of incidence of the ions, and k, is the kinetic energy transfer efficiency. The transfer mechanism of the potential energy takes into account the neutralization of the ion by a released electron, which is described by the work function +. Under these plasma conditions, the thickness of the modified surface layer (Si,C,F,) is very small (monolayer),l' so the work function of the silicon bulk has to be taken. In addition a secondary electron can be ejected (with probability r), which consumes a small part of the energy. l3 The kinetic transfer coefficient Kk is a product of the internal conversion coefficient cy and the kinetic energy transfer efficiency k, , which is related to the number. of individual collisions an impinging ion has with atoms in the solid state.8
The interpretation of the substrate heating by ion bombardment requires the knowledge of Ek , n + , and T, . The mean kinetic energy E, was determined by means of energy resolved mass spectrometry.r4 The dominant ion in CF4 discharges was found to be CF;. Microwave resonance spectroscopy in combination with laser-induced photodetachment has supplied the electron and negative ion density data.r5 The axial profile of the negative ion density shows that they are not present in the sheath or presheath: the density only builds up in the glow. Therefore, in order to calculate the ion fluence j from the Bohm criterion, the required positive ion density at the sheath boundary n + can be taken to be equal to the electron density. The electron temperature was estimated from attachment rate measurements, and confirmed by calculations of the plasma chemistry." The required values for Ei , 4, and y were taken from the literature.13'r6 For the calculation of ajE, we assumed an angle of incidence 8=90". The kinetic energy transfer efficiency k, is not known a priori, and is determined from this work. To obtain the heat inllux l%s by measurement of (aTs/&),=o we need the heat capacity of the sandwich wafer device, which was determined calorimetrically (Cs=57 J/K).
In Table I all experimental conditions and derived physical quantities are summarized. In Fig. 3 , which can be extracted from Table I, the calculated value jaE&, which is equivalent to the (uncorrected) kinetic energy transfer from ions to surface, is plotted versus the energy fi, absorbed by the wafer (measured by the thermocouples). The relation appears to be roughly linear. Because of the transfer of potential (=ionization) energy to the surface [cf. Eqs. (2) and (4)] the line does not pass through zero. What we can learn from Fig. 3 is that the heating of a silicon wafer is proportional to the energy fluence (energy times number density times Bohm velocity) of the ion bombardment.
Another result which can be drawn from Table I is the kinetic energy transfer efficiency k, [see Eq. (5)] In Fig. 4 , k, is plotted as a function of the average energy of the ion bombardment. The value of k, ranges around 0.5, with a tendency to increase for lower energies. This is in perfect agreement with data reported by Winters8 for the low energy regime, be it that Winters' data lattice penetration a binary-collision model yields predictions of k, which reproduce the experimental results very well.
We would like to conclude that the heating of a silicon wafer due to exposure to a rf CF, plasma is primarily caused by the bombardment with CF; ions. The energy transfer is described very well by the binary-collision model, which agrees with the findings of Winters.8 This study was made possible by support from the NM'0 Scientific and Environmental Affairs Division under Grant No. CRG 910895.
